Summary.
Direct visualization of the three-dimensional architecture of the tubal musculature (myosalpinx) was made possible by a technique involving chemical digestion of interstitial connective tissue, followed by ultrasonic microdissection and final observations under the scanning electron microscope. The isthmic myosalpinx in the guinea pig, rabbit and in humans consists of muscular bundles that tend to lie longitudinally, circularly or oblique. The muscular bundles along the tubal wall change direction, branch and intermingle with one another, giving rise to an irregular network in which distinct layers are not readily distinguishable.
In the ampulla, the muscle bundles form a very irregular three-dimensional network of fibres that follow different orientations.
The authors suggest a primary role for such a structure in the random pendular transport of the gametes as well as in the denudation of the egg by deformation of the myotubal wall.
The first data concerning the architecture of the oviductal musculature (myosalpinx) date back to the last century (WILLIAMs, 1891) . The smooth muscle of the tubal wall was reported to be arranged in layers constituted by fibres following a specific spatial orientation. Such a model is still accepted in current literature, although data on both the number and the three-dimensional structure of the single layers occurring in the myosalpinx of the most common laboratory mammals, as well as in humans, are often controversial (see Table 1 ).
The technical approach employed to date to investigate the myotubal structure does not substantially differ from that adopted by Williams more than a century ago: bidimensional observation by light microscopy of either serial or non-serial sections cut along different planes of orientation.
Nowadays, the direct visualization of the actual three-dimensional (3-D) arrangement of muscle fibres in a hollow organ has been made possible by observation under the scanning electron microscope (SEM), after chemical digestion of interstitial connective tissue and microdissection by ultrasonication. We chose such a new approach with the aim of obtaining reliable objective data which might definitively settle the current debate on myosalpingal architecture.
SPECIMEN PREPARATION
Microdissection and stretching In the rodents and particularly in the guinea pig examined in this study, the salpinx appears as a tightly woven ball wrapped by a serous coat and following a tortuous course. In the past, the tubal segment to be examined under the light microscope was identified by the thickness of the muscular coat and/or the structure of the ciliated epithelium at the level of sampling. Such a method does not permit the determination of how far from the tubo-uterine junction (TUJ) or the ampulla observations are carried out. Moreover, the exact orientation of the examined field with respect to the entire salpinx is hardly ascertainable. For this reason, we decided to employ a sampling procedure involving the dissection and stretching of the whole salpinx under the binocular *This work was supported by grant from Italian MURST (60% 1990). microscope, followed by mounting on a silicon plate in Kreb's solution by means of thin needles. This procedure facilitates observation along the entire length of the tube respecting the topography of the organ. After dissection, the Kreb's solution was replaced by 2. 5% glutaraldehyde in phosphate buffer saline. From the stretched salpinx TUJ, isthmus and ampulla segments according to the current anatomical and physiological classification (NILSSON and REINIUS, 1969) , were isolated.
Due to the regular course of the human tube, our specimens taken from women of reproductive age subjected to laparo-hysterectomy were not dissected but instead fixed directly in 2. 5% glutaraldehyde in phosphate-buffered saline.
Removal of interstitial connective tissue The segments were incubated in 30% KOH at 60C (MILLER, 1982) for 25 min. The digestion time had to be determined by trial and error. Samples were shaken for 2-3 min during digestion until they were visibly fragmented, after which they were put into 0. 1 (MURAKAMI, 1974) . They were then dehydrated in graded alcohols, critical point-dried, coated with 20 nm of gold-palladium and finally examined with a Cambridge Stereoscan 240 operating at 20 kV and with a Hitachi 54000 field emission SEM operating at 10 kV. Some samples were further microdissected during dehydration by ultrasonication at 20 kHz (Low, 1989) for a time varying from 30" to 5' in order to visualize the deepest muscular bundles. The removal of the extracellular connective tissue and ultrasound microdissection did not allow the direct visualization of smooth muscle bundles in the intramural portion of the TUJ. Therefore, the latter segment was excluded from our observations.
RESULTS
The architecture of the myosalpinx Tubo-uterine junction TUJ Rabbit: In the extramural portion of the myosalpinx, outer longitudinal muscular bundles originating from the outer longitudinal layer of the uterus were identified under SEM (Fig. 1) . Such bundles run parallel to each other as well as to the major axis of the salpinx. They form a well-defined continuous muscular layer enveloping the proximate portion of the isthmus (Fig. 1) . The myosalpinx underlying the longitudinal layer appears comprised of muscular bundles running deeper from the surface towards the base of the mucous folds ( Fig. 2) . At the most superficial level, these bundles follow an uneven circular arrangement and often bifurcate (Figs. 2, 3) . At a deeper level, the same bundles appear even more irregular, anastomosing repeatedly into several branches that follow different directions, thus generating a plexiform arrangement.
Some bundles reach the base of the mucosal folds and describe wide curves following an approximately longitudinal discontinuous arrangement.
Guinea pig: The extramural portion of the myosalpinx shows microanatomical features similar to those of the remaining segment of the isthmus, since the outer longitudinal layer of the uterus does not merge into the TUJ (Fig. 4) . The TUJ, in fact, shows outer irregular circular bundles, inner oblique and innermost longitudinal bundles that intermingle with one another, forming an irregular network (Fig. 5) .
Human: Smooth muscle bundles of the outermost uterine musculature merge into the tubes on a spiral course. The architecture of the underlying musculature is superimposable upon that observed in the isthmus.
Isthmus Rabbit: The isthmic myosalpinx of the rabbit shows some superficial longitudinal muscular strips throughout its length that abruptly bend sideways as they approach the ampulla, enveloping the underlying muscular structure (Fig. 6 ). The latter is arranged in the same way as for the TUJ, except for the outer longitudinal layer originating from the uterus and the underlying vascular plexus, both of which are lacking in the isthmus, whereas they occur in the TUJ (Figs. 6, 7).
Guinea pig: Under SEM the myosalpinx revealed an envelope consisting of outer bundles following an irregular circular course and inner longitudinal bundles parallel to the major axis of the salpinx (Fig. 8) . Between these two courses, oblique bundles are also clearly visible (Fig. 9) .
Human: The muscular bundles run irregularly displaying longitudinal, oblique and circular courses, and changing orientation within the thickness of the myosalpinx wall (Fig. 10) . In addition, they anastomose and intermingle with one another, giving rise to a wide-meshed muscular network having no distinct layers (Fig. 11 ). Ampulla Rabbit: By means of SEM, the same isolated superficial strips that run longitudinally throughout the isthmus can also seen in the rabbit in the ampulla following the same direction. In the examined mammals, the architecture is solely plexiform, owing to the gradual decrease of those bundles that form the muscular coat at the isthmus (Figs. 12, 13 ).
Guinea pig: The thickness of the myosalpinx gradually decreases from the ampullary-isthmic junction to the fimbriate end. The smooth muscle bundles anastomose and intermingle with each other, describing a plexiform course (Fig. 14) .
Human: The muscular wall becomes progressively thinner and the smooth muscle bundles lose any regular geometric (longitudinal, circular or oblique) arrangement, forming a random network (Fig. 15) . 75; x415. Fig. 14 . Guinea pig. X530. In both species the smooth muscle bundles are much thinner than those of the isthmus, and they intermingle together forming an irregular plexiform structure (P). Vessel (V). The direct visualization of the 3-D architecture of the myosalpinx by means of SEM provides a completion of data reported in the literature which so far has been limited by the observation of bidimensional specimens.
The outer longitudinal layer described by PAUER STEIN et al. (1970) and BECK and BOOTS (1974) in the isthmus of rabbit but not reported by other authors (NILSSON and REINIUS, 1969) is none other than the outer longitudinal layer of myometrium which we have demonstrated to extend as far as the extramural portion of TUJ. Taking the sections at different levels of the isthmus accounts for the observation of such a layer by only some authors. Since the course of the rodent tube is tortuous and tightly woven in the animals we examined, microdissection and stretching of the salpinx allowed us to make a detailed description of the myosalpinx architecture throughout the whole tube.
The occurrence of an inner longitudinal layer in the isthmic myosalpinx of rabbit has been debated as well (see Table 1 ). We have been able to demonstrate how muscular bundles having an irregular circular course outside describe wide curves converging into an irregular discontinuous longitudinal course as they reach the base of mucosal folds. Also, in this case, carrying out observations at different levels of the salpinx accounts for the apparent discrepancy in the literature.
The presence of both outer and inner longitudinal layers in the human salpinx has been debated, as well as the architecture of a layer intermediate between the two, which, according to some authors, would be spiral (see Table) .
Our study demonstrates the occurrence of isolated bundles which dichotomize repeatedly, changing their courses each time, apparently at random. Although a prevalence of both outer and inner longitudinal bundles as well as of intermediate circular bundles does occur, schematizing the myosalpinx architecture into three layers seems too simplistic and possibly misleading. In fact, oblique and irregularly circular bundles are not uncommon within the network-like architecture described above. Therefore, it can be easily understood how such a structure may give rise to a broad range of interpretations rising from the different planes of orientation at which sections are taken.
Although the current literature describes the myosalpinx as arranged into layers, each consisting of fibres following the same spatial orientation, in most cases we found it rather difficult to distinguish real layers in normal histological sections. Several authors suggested that spiral muscular bundles, either single or two clockwise and counter-clokwise intermingled systems, could account for the irregular aspect exhibited in some cases by the myosalpinx architecture (FUMAGALLI, 1949; KIPFER, 1950; HORST-MANN and STEGNER, 1966; BECK and BOOTS, 1974) . We have demonstrated that the myosalpinx consists of single bundles which follow various spatial orientations as they run deeper from the surface throughout the thickness of the myosalpinx, thus forming a network. Such a network gradually assumes a more irregular aspect, from the guinea pig. through the rabbit, to the human.
Another subject of debate has been the possibility of considering the architecture of the muscularis in experimental animals such as the guinea pig and rabbit as superimposable upon that of the human. Such a similarity would provide a reliable, unitary experimental model. According to PAUERSTEIN et al. (1970) , the architecture of the isthmic myosalpinx would be superimposable in the rabbit, monkey and human. BECK and BOOTS (1974) do not agree with such a view, distinguishig two different architectures in the rabbit and human, respectively. According to our results, the architecture of the ampulla in the three above-mentioned species as it appears under the SEM is definitely superimposable. As far as the isthmic myosalpinx is concerned, the network-like structure described above does not vary much between the guinea pig, rabbit and human; indeed, the rabbit myosalpinx may be mistaken with the human one.
Contractile mechanism of the tube
The architecture of the muscular coat of a hollow tubular organ is closely related with the type of contractile mechanism that it can express. For example, in the gut, where contractions give rise to a unidirectional mechanism of transport, the musculature is arranged in geometrically regular layers, each independent from the other (GABELLA, 1981 (GABELLA, , 1987 . In the muscular coat of the ureter, in contrast, muscle fibres follow an irregular course and geometrically regular layers are not distinguishable (UEHARA et al., 1990 ). In such a structure the smooth muscle cells can propagate the stimulus for contraction to the adjacent cells belonging to bundles that are oriented in different directions so that the propagation of contractile waves may sometimes be not unidirectional but also irregular or retrograde (DIxoN and GOSLING, 1990) .
The role played by the smooth musculature in the process of gamete transport through the salpinx is much debated. There is no doubt that contraction of the myosalpinx is not the only factor regulating gamete transport. In fact, other elements such as the vibratile cilia, the microvascular hypertrophy and oedema, and the flow of fluids produced by secretory cells of the tubal epithelium have been demonstrated to participate in such a process.
In particular, the turgor of the tubal microvasculature, which in turn depends upon the estrogen level, may generate myosalpinx tension with consequent reduction of the tubal lumen. In addition, the increase of tubal secretion induced by an intense transudation of subepithelial vessels is likely to generate within the tube active flow of fluids a current capable of favouring gamete transport.
The demonstration of a peristaltic activity, indirectly obtained either by invasive methods such as the measurement of pressure changes inside the tube (MAIA and CONTINHO, 1970) or by an optical transducer method, is still debated (HALBERT et al., 1976) . On the other hand, the salpinx musculature would have a random, pendular, not periodic, contractile activity proved by computerized analyses of cinematographic recording and computer image analysis of egg transport (TAM et al., 1975; VERDUGO et al., 1976; BOURDAGE, 1982) , whereas the ciliary drive is constantly unidirectional (HALBERT et al., 1976; VERDUGO et al., 1976) . The myosalpinx contractions propagate at random according to a backwardforward motion (DANIEL et al., 1975a; TALO and HODGSON, 1978) and are transmitted usually for short distances from different pacemaker sites (TALO and PULKKINEN, 1982) , as confirmed by recording of the random myoelectrical activity of the tube (DANIEL et al., 1975a; HODGSON et al., 1977; TALO and HODGSON, 1978; HODGSON and TALO, 1978) .
Many mechanisms could suit the transport of the egg by random pendular motions. These, in fact, can become asymmetric and unbalanced in either a proor anti-uterine direction resulting from contractions propagating for longer distances along the tube in one or the other direction (TALO and PULKKINNEN, 1982; VERDUGO et al., 1980; VERDUGO, 1982) . It has also been showed that hormones can control both the frequency and distance of propagation of myotubal contraction (TALO and HODGSON, 1978) , and that these two variables can influence the rate of gamete transport throughout the tube (HODGSON and TALO, 1978) .
Ovum denudation in the tube
The process by which the egg released into the Fallopian tube following follicular dehiescence gradually gets rid of the cumulus cells ("ovum denudation") is still unclear.
Although some chemical factors such as bicarbonate ion of tubal fluids (STAMBAUGH et al., 1969) and spermatic hyaluronidase (HANCOCK, 1961 (HANCOCK, , 1962 AUS-TIN, 1963; SzOLLOSI and HUNTER, 1978) are likely to take part in egg denudation, this process may be helped by the mechanical action of myosalpinx contraction with consequent deformation and squeezing of the tubal wall.
Our data demonstrated that the myosalpinx of guinea pig, rabbit and human basically comprises an irregular mesh of fibres. Such a mesh is arranged so that it does not follow any directional orientation.
Therefore, the anatomical structure revealed in our study is more likely to express, during the contraction, a deformation of its own walls than a uniform peristalsis, in agreement with the most recent theories on myosalpinx motility. Such deformation might facilitate denudation of the egg, which, in turn, could play a key role in both fertilization and nutritive maintenance of the egg and early embryo (AUSTIN and WALTON, 1960; AUSTIN, 1961 AUSTIN, , 1963 CHANNING, 1966; LEESE and BARTON, 1985) . Microsurgical trials prove that the removal of longer and longer isthmic segments can cause an ever increasing incidence of infertility (WINSTON, 1980) .
In conclusion, the microanatomy of the myosalpinx described here strongly supports the recent theories on contraction and transport in the tube, providing physiologists with a real model, in light of which functional data can be interpreted. It also allows us to hypothesize a new function for tubal contraction -denudation of the egg-suggesting the need for exploring a new field of research that can provide, in addition to an understanding of the complex and still unveiled process of tubal transport, direct substantial aid to the therapy of tubal infertility. 
